Wheat flours are composed of many protein, carbohydrate, and lipid components that contribute to quality.
B2 genes condition several LMW banding patterns, in- result in good baking quality without loss of pasta-making quality imparted by LMWII (Glu-B3).
Manipulation of the Glu-D1 locus has been suggested as a means to improve baking quality of hexaploid I n recent years, plant-breeding objectives have inwheat. Rogers et al. (1990) studied the glutenin and cluded development of crop cultivars with dual-purgliadin in nulli-tetrasomic lines of 'Chinese Spring' to pose end-use. In hexaploid wheat, this has included efdetermine dosage effects of glutenin genes. They found forts to develop wheat with good baking quality for that chromosome 1D, carrying Glu-D1a (subunits 1Dx2 domestic markets and good noodle quality for Asian and 1Dy12), had the biggest positive effect on baking markets (Lang et al., 1998) . Durum wheat has traditionquality, whereas chromosome 1A, carrying Glu-A1c (a ally been used for pasta products in the domestic Amerinull allele), had a negative impact on quality. They procan markets, although its use in baked goods is common posed increasing the dosage of Glu-D1d and reducing in southern Italy, the Middle East, and North Africa the dosage of the null allele of Glu-A1c to improve (Boggini et al., 1995; Boyacioglu and D'Appolonia, baking quality. 1994) . Consequently, studies of bread-making quality One approach to introducing the Glu-D1d allele into of durum wheat have been reported by several authors, related species is through chromosome substitution or including Boggini and Pogna (1989) , Boggini et al. translocation. Lukaszewski and Curtis (1992) produced (1995) , Liu et al. (1996) , Ammar et al. (2000) , and a 1R.1D translocation to transfer Glu-D1d to triticale Marchylo et al. (2001) . Durum cultivars with both good (ϫTriticosecale Wittmack). Additionally, Lukaszewski pasta-making and bread-making quality would be an and Curtis (1994) induced 1A.1D translocations caradvantage to increase market demand for durum prodrying Glu-D1d in 'Rhino' triticale. Ballesteros et al. ucts. (2003a) we assigned the LMW glutenin composition to the 120 newly translocation lines through homeologous pairing in douselected F 5 families on the basis of its parental data. For segreble monosomics (13" ϩ 1' 1A ϩ 1' 1D ).
gating parental lines, kernel halves were squashed with a hammer and the proteins analyzed by SDS-PAGE using the proceWhile 1AS.1AL-1DL translocation lines carrying Gludure of Singh et al. (1991) . Within some segregating families, D1d have been isolated, little has been reported in the three LMW banding patterns were observed ( of our study was to provide information on these traits
The lower band in the LMW region was also diagnostic for using advanced generation lines selected from the LMWI vs. LMWII. In the LMWII type, the lower band had breeding materials reported by Joppa et al. (1998) 
MATERIALS AND METHODS

Yield Trials Selection of Translocation Lines
Yield trials of the translocation lines were conducted at Fargo (1998 Fargo ( through 2002 , Casselton (1998 and 2000 ), and Joppa et al. (1998 reported development of 16 F 4 families Prosper, ND (1999 , 2001 , and 2002 . The experimental design of 1AS.1AL-1DL translocation lines having the pedigree Lanwas a randomized complete block with four replications in gdon1D(1A)/Len//Langdon/3/2*Renville. With the objective each year except 2000, where there was only sufficient seed of producing advanced generation translocation lines, we sefrom the 1999 increase to plant three replications. The soil lected 12 families in the field for vigor and similarity to Renseries at Fargo is a Fargo silty clay (fine, montmorillonitic, ville for plant ideotype. Ten spikes were randomly harvested frigid Vertic Haplaquoll). The soil at Prosper and Casselton from each family. Two F 5 seeds from each spike were planted is a Perella-Bearden silty clay loam complex. Perella is a finein a greenhouse. Selections were made for vigorous plants that silty, mixed, frigid Typic Haplaquoll and Bearden is a finephenotypically resembled Renville in plant height, maturity, silty, frigid, Aeric Calciaquoll. Planting dates of the 10 trials chaff color, and spike morphology. From the 218 mature were between 3 and 22 May. The planting rate was 40 kernels plants, we harvested 120 F 5 families. The HMW and LMW per meter of row. Experimental units consisted of four-row banding pattern of the 120 F 5 families was determined as plots, 3.2 m long, and rows that were 30 cm apart. described in the electrophoretic procedures.
Durum cultivars included in the trials as checks for agroBecause of greenhouse space restrictions, we could rapidly nomic traits were Renville and Langdon in 1998-1999, and increase only four of the 120 families for initial yield trials.
Renville, Ben, Monroe, Lebsock, Rugby, and Maier in 2000 We made selections among the 120 F 5 families for seed yield through 2002. 'Len' hard red spring wheat was included in and large, plump kernels. Four plants, identified as L092, the trials in all years as a baking quality check. Data were L147, L232, and L252, were increased in the greenhouse and advanced to yield trials in 1998-1999. To sample a broader collected for yield, heading date, plant height, lodging, and respectively. The entry main effect was tested by the mean environments treated as replications, and main effects being culms per meter of row. Yield was measured on a whole-plot entries and years, with entries being a fixed effect and years basis. Heading date was recorded as number of days past 30 being random. Because strong gluten durum wheat, conferred June when 50% of the culms had spikes completely emerged.
by LMWII, is so important for durum quality, we also analyzed Lodging was scored on a 0-to-9 scale (0 ϭ no lodging and 9 ϭ quality traits by classifying the translocation lines for LMW-100% lodging). Plant height was measured as the distance class. Two translocation lines having LMWI were placed into from the ground to the tip of the apical spikelet, with awns a LMWI class, and the 12 translocation lines having LMWII excluded. The number of culms per meter was determined by were placed into a LMWII class. So that comparisons could counting the number of culms in one of the central rows.
be made to the checks, Renville and Len were each placed While two trials were planted in 2001, the Prosper trial was into a separate class. The quality data were then re-analyzed abandoned because of an unusually heavy rainfall at flowering, with LMW-class as a fixed effect and years as a random effect. which resulted in severe lodging in even the most lodging-
The LMW-class mean squares were tested with the LMWresistant cultivars, and low yields and kernel weight. Although class ϫ years mean square as the error term. Means were yields at Fargo in 2001 were good and lodging was not severe, separated by LSD. A separate analysis of the quality data was test weights were low and the samples were not milled. also conducted for each year, with the experimental design being a RCBD and treating environments as replications than Renville at all environments (means not shown).
were characterized on the farinograph (AACC Method 54-21).
However, at two environments, L092 did not differ sigBaking quality was evaluated using an optimized straightnificantly from Renville for yield. It was because of the dough bread-baking procedure (AACC Method 10-10B).
poor yield performance of these translocation lines that Table 2 . Entry effects Agronomic data from individual environments were anawere highly significant for all five characters; however, lyzed as randomized complete blocks by Statistix (Analytical the entry ϫ environment interactions were also highly Software, 1998) . For analysis of agronomic data combined significant for all characters except culms per meter.
across environments, the SAS Proc GLM (SAS Institute, 1999) procedure was used. The main effects were entry and environ-
The significant entry ϫ environment interactions were mainly due to differences in magnitude rather than rank S99B19) were among the lowest yielding entries in the trials. We concluded that while S99B33 and S99B34 had changes; therefore, means were combined over environments and tested by LSD (Table 3) . Comparisons of better yield than the original selections, L092 and L252, additional yield improvement is needed. the translocation lines with Renville and Ben were of particular interest since Renville is a parent of the lines
In general, the translocation lines tended to be later heading and had fewer culms per meter than Renville, and Ben is a widely grown North Dakota cultivar. Two translocation lines, S99B33 and S99B34, were better but the best yielding lines had earlier heading dates (not significantly different from Renville), and more culms yielding than the remaining translocation lines. In the analysis of the five individual locations, these two lines per meter than the lower yielding lines (Table 3) . For lodging score, most of the lines were either better than were always among the top half in yield, with each being the highest yielding translocation line at two locations.
Renville, or were not significantly different from Renville. Plant height for most lines was not significantly Each did not differ significantly from Ben at three environments. Line S99B33 did not differ significantly from different from Renville. Quality data were analyzed both on an entry basis Renville at three locations; and, S99B34 did not differ from Renville at one location, and was significantly betand on a LMW-class basis. Because we are presenting means for all traits on the basis of LMW-class, only ter than Renville at Fargo in 2000. However, in that environment, the yield of Renville was only 80.6% of the ANOVA for the analysis of LMW-class is shown (Table 4 ). The year and year ϫ LMW-class interaction Ben's yield, and the yield of Renville did not differ significantly from any of the other translocation lines.
could not be measured for loaf volume because of the different loaf sizes baked in different years. Constriction Therefore, the apparently good performance of the translocation lines at Fargo in 2000 was more a reflection of loaf volume occurs in 25-g loaves. As a result, loaf volume of a 25-g loaf is less than one-fourth that of a of the poor performance of Renville in that environment, rather than the good performance of the translo-100-g loaf. Therefore, loaf volume data from each year were analyzed as a separate randomized complete block. cation lines. The two lines carrying LMWI (L252 and The analysis of quality traits on a LMW-class basis related (for example, longer stability usually results in longer time to breakdown), it is not surprising that these indicated nonsignificant year ϫ LMW-class effects for 10 traits (Table 4) . Of the six traits having significant characteristics tend to behave similarly in regards to presence/absence of genotype by environment inter-LMW-class ϫ year interactions, five were farinogram traits. A similar result was observed in the analysis based actions.
For the LMW-class main effect, the significant LMWon entries rather than LMW-class, where four of the six possible farinogram traits had significant entry ϫ class ϫ year interactions resulted in nonsignificant differences for several of the characteristics (Table 4) . year interactions (ANOVA not shown). This indicated that the lines did not perform consistently for mixing
Means for each quality trait for the four LMW-classes are shown in Table 5 . Means for those traits having characteristics in different years. Because farinogram traits measure mixing characteristics that are intersignificant LMW-class effects were compared by LSD. To be useful as a baking durum, the comparisons of L252. Loaf volume of L252 was consistently better than that of L092; but both were lower than Len. The lines farinograph and baking data to Len are appropriate; but, for other quality traits, comparisons to Renville are S99B33 and S99B34 were the highest yielding translocation lines, and both carry the LMWII banding pattern appropriate. The translocation lines had test weights similar to Renville but had significantly lower 1000-and performed similarly to L092 in quality tests. The line S99B51, which also carries the LMWII banding kernel weight. Both whole wheat and flour protein of the translocation lines were higher than those of Renpattern, was noteworthy in that it had the longest stability among all LMWII translocation lines. However, this ville, and this probably reflected the lower grain yield of the translocation lines. Flour extraction was also long stability was associated with improved loaf volume only in 2002, when its loaf volume was equal to that lower for translocation lines than that for Renville. The farinogram data indicated that the translocation lines of Renville (Table 6 ). S99B51 was among the lowest yielding and was the latest heading entry in the trials had water absorption similar to Renville and significantly higher than Len. Though differences were usually (Table 3) . nonsignificant, both groups had mean farinogram mixing characteristics inferior to Len, with the LMWI group DISCUSSION being better than those of the LMWII group and better than Renville. Farinogram mixing characteristics of the The Glu-D1d allele encodes for HMW subunits 1Dx5 LMWII group were more similar to Renville than the and 1Dy10, and there has been debate over which of LMWI group. Results of bake absorptions were similar these two subunits conditions good baking quality (Lafito those of farinograph absorptions. Mix times of the andra et al. , 1993) . Subunit 1Dx5 has been used to pro-LMWI and LMWII groups were significantly longer duce transgenic lines. Transgenic lines in which 1Dx5 than those of Renville or Len. Translocation lines had subunits are overexpressed produce doughs that are so mean loaf volume lower than either check. Loaf volstrong that they are unsuitable for commercial producumes of the LMWI lines were significantly better than tion (He et al., 1999; Rooke et al., 1999 ; Darlington et those of the LMWII lines, and did not differ from Renal., 2003) ; and it was hypothesized that overexpression ville. Loaf volume of both the LMWI and LMWII of 1Dx5 resulted in doughs containing excessively crossgroups were significantly lower than that of Len. Carotlinked polymers. Subsequently, it has been hypothesized enoid pigments imparted a slightly yellow color to the that mixing and baking qualities are influenced by the crumb.
proper ratio of x:y subunits. To test this hypothesis, While the LMW-class main effects were nonsignifi- Butow et al. (2003) isolated and incorporated purified cant for four of the six farinogram traits, comparisons 1Dy10 into flour of transgenic 1Dx5 wheat. They obof the means indicated trends for mixing characteristics served that the decrease in the Dx/Dy ratio resulted in that were confirmed by analyzing the data as a RCBD a weakening of the flour. Masci et al. (2003) observed for each year. To increase the number of years in the a decrease in SDS sedimentation values in transgenic analysis, we have added data from L092 and L252, which lines that overexpressed a LMW glutenin subunit, and were tested in 1998 and 1999. To illustrate the results, this is further evidence that overexpression of a glutenin data from seven entries are presented for three traits, subunit may result in decreased quality. In our study, percent protein, farinogram stability, and loaf volume 1Dx5 and 1Dy10 in the translocation lines are neither (Table 6 ). L252, having LMWI, had longer stability than overexpressed nor present in lopsided ratios. Despite Len in 1998 and 2000. However, both L252 and L092 this, flour of the translocation lines had excessively had shorter stability than Len and Renville in the other strong mixing characteristics in some environments. two years. This observation is consistent with an entry ϫ This suggests that good mixing characteristics may be year interaction for farinogram stability. In contrast, controlled not only by the ratio of x:y subunits, but also relative to each other, the translocation lines performed by the combination and ratios of other HMW and LMW glutenin subunits, or gliadins present in the flour. This consistently with L092 having shorter stability than is supported by the fact that translocation lines carrying yields. Breeding of LMWI and LMWII translocation lines having equal protein content and yielding ability LMWI had better mixing and baking characteristics than lines carrying the strong gluten LMWII banding would answer whether the differences observed between the LMWI and LMWII translocation lines were patterns.
The breeding of strong gluten durum cultivars, having associated with yield and protein content. Second, the better baking quality of LMWI compared to LMWII the LMWII banding pattern and conditioned by the Glu-B3 gene, was an important contribution to imtranslocation lines may indicate that addition of HMW glutenin subunits 5ϩ10 alone is insufficient to improve proved durum quality. Marchylo et al. (2001) found that strong-gluten Canadian durum had mixing characters quality. Differences in glutenins and gliadins from other loci may affect mixing and baking quality in the 1AS.1AL-similar to good quality bread wheat, and yet had lower loaf volume than bread wheat. Baking formulations are 1DL translocation lines similar to having the proper ratio of Dx/Dy glutenin subunits. Because the Glu-B3 known that will produce good quality bread products using up to 60% durum flour of presently grown strong locus is closely linked to the gliadin gene Gli-B1, it is likely that the translocation lines carrying LMWII gluten cultivars (Hareland and Puhr, 1998) . As a consequence, commercial production of the translocation banding patterns have ␥-gliadin 45, while those carrying the LMWI banding pattern have ␥-gliadin 42. However, lines may not be advantageous to the market unless baked goods can be produced with 100% durum flour.
it is not clear that these gliadins could be the cause of the better baking quality of LMWI types vs. LMWII As a group, the translocation lines were inferior to Renville in yield. Both decreased tillering and kernel types in our study because it has been shown that the gliadins encoded by Gli-B1 possibly influence elasticity weight appeared to contribute to this yield reduction. However, it should still be possible to select translocabut do not contribute to gluten strength (Ruiz and Carrillo, 1995) . Other glutenin/gliadin combinations with tion lines having acceptable agronomic traits for production. The translocation lines had only two backcrosses 5ϩ10 (Glu-D1d) need to be considered, including those from the Glu-B1, Glu-A3, and Glu-B3 alleles. Thereto Renville; therefore, despite selection for phenotypic similarity to Renville, genes from Len and Langdon are fore, it may still be possible to select 1AS.1AL-1DL translocation lines having good baking characteristics. probably included in the genome of the translocation lines, and this may contribute to a yield reduction. While But, because the market demands good pasta quality provided by strong-gluten LMWII-type cultivars, breedmost of the translocation lines suffered from poor yielding ability, there were some lines with better yielding ing of translocation lines carrying both LMWII and improved baking quality will be necessary before a dualability. The yielding ability of the population as a whole may also have been limited by a narrow genetic base. purpose durum can be released for commercial production. While the translocation lines were originally selected from 12 F 4 families, the 14 translocation lines used in the study were derived from only six of those families. which L252 (the LMWI type) had longer mixing stability
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